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Introduction {#sec1}
============

The Hippo signaling pathway, which was first identified in *Drosophila,* plays a key role in organ size determination and tissue homeostasis ([@bib23], [@bib38], [@bib24]). A unique feature of the Hippo signal is that it mediates contact inhibition of cell growth/proliferation by sensing cell density through mechanisms yet to be fully understood ([@bib42], [@bib9]). The core components and downstream effectors of the Hippo pathway are highly conserved from *Drosophila* to mammals. In mammals, when Hippo signaling is activated, pro-apoptotic kinases MST1/2, complexed with the scaffold protein WW45/SAV1, phosphorylate and activate LATS1/2 kinases, which in turn phosphorylate the transcription co-activator Yes-associated protein (YAP) and the transcriptional co-activator with PDZ-binding motif (TAZ, also called WWTR1) ([@bib10], [@bib11]). TAZ is the one and only paralog of YAP, sharing 46% overall amino acid sequence identity with very similar structural topology ([@bib34]). The E3 ubiquitin ligase SCF^β-TRCP^ is then recruited to the phosphorylated YAP/TAZ, leading to their polyubiquitination and degradation in the cytoplasm ([@bib44]). Activation of membrane receptors such as G-protein-coupled receptors (GPCRs) and epidermal growth factor (EGF) receptor inhibits the Hippo signal and thereby allows nuclear translocalization and accumulation of YAP/TAZ ([@bib39], [@bib8]). In the nucleus, YAP/TAZ interact with numerous transcription factors. Of these, the TEAD domain family proteins (TEADs), comprising four members (TEAD1--4), are major YAP/TAZ targets that play central roles in YAP/TAZ-mediated activation of genes involved in a diverse array of biological actions, including cell proliferation, cell survival, migration, cell invasion, epithelial-to-mesenchymal transition (EMT), stem cell renewal, and tumorigenesis ([@bib25], [@bib45]). Thus, YAP and TAZ share redundant functions by acting as transcriptional co-activators toward TEADs. In turn, the growth inhibitory action of Hippo signaling circumvents accumulation of YAP/TAZ in the nucleus, where they act as transcriptional co-activators. Pro-oncogenic actions of YAP/TAZ, such as elevated cell migration/invasion, EMT, and anchorage-independent colony formation, are due primarily to elevated TEAD-dependent transcription. Apart from these overlapping functions, YAP and TAZ also exhibit unique/non-redundant functions in a cell-type- and tissue-context-dependent manner. In fact, knockout of the *Yap* gene in mice is embryonically lethal ([@bib20]). In contrast, *Taz* knockout does not perturb fetal development or fertility in mice, although it impairs the development and function of the lung and kidney ([@bib14], [@bib19]). These knockout phenotypes provide genetic evidence for the different biological roles of YAP and TAZ. Although interaction with different transcription factors may explain their differential actions, the mechanisms underpinning the unique biological functions of YAP and TAZ remain unknown.

Parafibromin, a predominantly nuclear protein encoded by the *HRPT2* (*hyperparathyroidism-jaw tumor type 2*) gene, is a mammalian ortholog of budding yeast Cdc73, a component of the PAF (RNA polymerase II associated factor) complex that plays a pleiotropic role in both transcriptional and post-transcriptional regulations of gene expression ([@bib27], [@bib37], [@bib6]). Loss-of-function mutations in *HRPT2* have been shown to be associated with both familial and sporadic forms of parathyroid cancer, indicating its tumor suppressive role in the parathyroid gland ([@bib5], [@bib35]). Parafibromin is also involved in the regulation of morphogenesis and homeostasis in metazoans by acting as a nuclear scaffold that interacts with transcriptional co-activators/transcription factors for morphogen signaling pathways, such as Wnt-regulated β-catenin, Hedgehog-regulated Gli1, and Notch-regulated NICD (Notch intracellular domain), and thereby coordinates activation of genes targeted by these morphogens ([@bib21], [@bib22], [@bib30], [@bib17]). We previously reported that physical interaction of YAP/TAZ with the protein tyrosine phosphatase SHP2 is required for translocalization of SHP2 from the cytoplasm to the nucleus ([@bib32]), in which SHP2 undergoes tyrosine dephosphorylation of Parafibromin on Tyr-290, Tyr-293, and Tyr-315. Dephosphorylated Parafibromin binds to β-catenin and Gli1 in a mutually exclusive manner to selectively activate the Wnt- and Hedgehog-dependent genes, respectively ([@bib17]).

In this study, we found that Parafibromin physically interacts with YAP and TAZ and thereby potentiates their co-activator activities toward the TEAD transcription factors. Like the cases of previously reported co-activators such as β-catenin and Gli1, Parafibromin-TAZ interaction and subsequent potentiation of TAZ-dependent TEAD activation required Parafibromin tyrosine dephosphorylation. On the other hand, Parafibromin-YAP interaction was independent of the tyrosine phosphorylation status of Parafibromin and, in direct opposition to TAZ, the co-activator function of YAP on TEAD was specifically potentiated by tyrosine-phosphorylated Parafibromin. The present work thus showed that Parafibromin is a context-dependent scaffold for YAP and TAZ, which contributes to both redundant and non-redundant functions of YAP/TAZ.

Results {#sec2}
=======

Stimulation of Co-activator Functions of YAP/TAZ by Parafibromin {#sec2.1}
----------------------------------------------------------------

To investigate the functional relationship between YAP/TAZ and Parafibromin, we conducted a reporter assay by ectopically expressing a Parafibromin vector and the 8xGT TEAD luciferase reporter plasmid in HEK293T human embryonic kidney cells and found that Parafibromin stimulates the TEAD reporter activity ([Figure 1](#fig1){ref-type="fig"}A). Similarly, elevated Parafibromin increased the levels of mRNAs for *Cyr61* and *Ctgf,* two *bona fide* TEAD target genes, in HEK293T cells ([@bib15], [@bib28]) ([Figure 1](#fig1){ref-type="fig"}B). In humans, YAP comprises two major splicing isoforms, YAP1 and YAP2, each of which is further subclassified into four different splicing variants (α, β, γ, δ). Among those, YAP1 isoforms (YAP1α, YAP1β, YAP1γ, and YAP1δ) contain a single WW domain, whereas YAP2 isoforms (YAP2α, YAP2β, YAP2γ, and YAP2δ) contain two WW domains ([@bib13], [@bib36]). In contrast to YAP, TAZ does not exhibit distinctive splicing variations and possesses only one WW domain. To substantiate YAP/TAZ-dependent TEAD activation, we performed a TEAD luciferase reporter assay in HEK293T cells transiently co-expressing Parafibromin and YAP or TAZ. To do so, we used two YAP isoforms, YAP1α and YAP2δ, the shortest and the longest splicing isoforms, respectively. The results of the experiment revealed that single expression of YAP1α, YAP2δ, or TAZ stimulated TEAD reporter activity and that co-expression of Parafibromin further potentiated the reporter activation ([Figures 1](#fig1){ref-type="fig"}C and 1D). These results were reproduced in HEK293A cells, which do not express the SV40 large T antigen, and in AGS human gastric epithelial cells ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1D). Notably, the magnitude of TEAD reporter activation was substantially greater in cells co-expressing Parafibromin and YAP2δ than in cells co-expressing Parafibromin and YAP1α, suggesting that YAP isoforms containing two WW domains stimulate TEAD-dependent transcription more strongly than do YAP isoforms containing a single WW domain ([Figure 1](#fig1){ref-type="fig"}C). Next, to examine the involvement of endogenous Parafibromin in the co-activator functions of YAP/TAZ, we knocked out the *HRPT2* gene, which encodes Parafibromin, in HEK293T cells by transfecting an expression vector for the *HRPT2*-specific single guide (sg) RNA. The results of the reporter assay revealed that the inhibition of Parafibromin expression not only diminished the basal TEAD reporter activity, which was rescued by ectopic expression of Parafibromin, but also impaired TEAD reporter activation by ectopic YAP2δ or TAZ expression ([Figures 1](#fig1){ref-type="fig"}E, [S1](#mmc1){ref-type="supplementary-material"}E, and S1F). *HRPT2* knockout in HEK293T cells was also associated with reduced levels of *Cyr61* and *Ctgf* mRNAs ([Figure 1](#fig1){ref-type="fig"}F). Collectively, these observations indicated that Parafibromin potentiates the co-activator function of YAP/TAZ toward TEAD transcription factors.Figure 1Potentiation of the Transcriptional Co-activator Activity of YAP and TAZ toward TEAD by Parafibromin(A) HEK293T cells were transiently transfected with a TEAD luciferase reporter together with the indicated plasmids. Total cell lysates were subjected to luciferase assay and immunoblotting with indicated antibodies. PF, Parafibromin.(B) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of *Cyr61* and *Ctgf* mRNA expression in HEK293T cells transiently transfected with a PF or control empty vector (Con).(C and D) HEK293T cells were transiently transfected with a TEAD luciferase reporter together with indicated plasmids. Total cell lysates were subjected to luciferase assay and immunoblotting with indicated antibodies.(E) HEK293T cells were transiently transfected with indicated plasmids. Total cell lysates were subjected to luciferase assay and immunoblotting with indicated antibodies.(F) qRT-PCR analysis of *Cyr61* and *Ctgf* mRNA expression in HEK293T cells transiently transfected with sgPF vector or a control vector.Error bars, mean ± SD; n = 3; \*\*p \< 0.01 versus control vector (A--F), YAP1α with control vector (C), YAP2δ with control vector (C and E), or TAZ with control vector (D and E); ^‡^p \< 0.01 versus YAP1α with PF (C).See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Enhancement of YAP/TAZ-Mediated Biological Actions by Parafibromin {#sec2.2}
------------------------------------------------------------------

The biological importance of the functional interaction between Parafibromin and YAP/TAZ was next investigated by a wound healing assay, which evaluates the magnitude of YAP/TAZ-mediated TEAD activation ([@bib40], [@bib41]). Expression of a gain-of-function mutant of TAZ, TAZ^S89A^, in AGS cells accelerated gap closure. The effect of TAZ^S89A^ was, however, abolished by specific knockout of Parafibromin in the cells ([Figure 2](#fig2){ref-type="fig"}A). YAP and TAZ have also been reported to stimulate cell growth via TEAD activation ([@bib40], [@bib41]). Consistently, TAZ^S89A^ was found to stimulate the growth of NIH3T3 cells in a Parafibromin-dependent manner by colony formation assay ([Figure 2](#fig2){ref-type="fig"}B) or by examination of cell proliferation using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay ([Figure 2](#fig2){ref-type="fig"}C). Acute deletion of the floxed *Parafibromin/Hrpt2* alleles in mouse embryonic fibroblasts (MEFs) also gave rise to a substantial reduction in the levels of TEAD-regulated *Cyr61* and *Ctgf* mRNAs ([Figure 2](#fig2){ref-type="fig"}D). Based on these results, we concluded that Parafibromin plays an important role in YAP/TAZ-mediated cell proliferation and cell motility.Figure 2Enhancement of YAP/TAZ-Mediated Biological Actions by Parafibromin(A) Wound healing assay was performed using AGS cells transiently transfected with an HA-TAZ^S89A^ vector or a control vector in the presence or absence of sgPF vector (left). The magnitudes of gap closures were quantified (middle). The levels of HA-TAZ^S89A^ and endogenous Parafibromin were determined by immunoblotting (right). Scale bars represent 100 μm.(B) Colony formation assay of NIH3T3 cells transfected with the indicated plasmids.(C) HEK293T cells were transfected with the indicated plasmids, and the cell proliferation was examined using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay 24 or 48 hr after transfection.(D) qRT-PCR analysis of *Cyr61* and *Ctgf* mRNA expression in *Hrpt2*^*flox/flox*^*;CAG-Cre-ER* MEFs with or without 4-hydroxytestosterone treatment. Parafibromin expression was also determined by immunoblotting.(E) Immunohistochemistry of the colon from Parafibromin conditional knockout (cKO) mice (*Hrpt2*^*flox/flox*^*;CAG-Cre-ER* mice) with or without tamoxifen treatment. Yellow arrows indicate positive staining (Parafibromin-expressing colon epithelial cells, left panel; Cyr61-expressingcolon epithelial cells, right panel). H&E staining (upper, left); Parafibromin staining (lower, left); Ctgf staining (upper, right); Cyr61 staining (lower, right). Scale bars represent 20 μm.Error bars, mean ± SD; n = 3; \*\*p \< 0.01 versus control vector (A--C), or 4-OHT(−) (D); ^‡^p \< 0.01 versus TAZ^S89A^ with control sgRNA (A--C). See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

To corroborate the functional interaction between Parafibromin and YAP/TAZ *in vivo*, we next investigated the expression of Parafibromin and YAP/TAZ-TEAD-regulated proteins in the mouse colon by immunohistochemistry after validation of the specificities of the anti-CTCF and anti-CYR61 antibodies by using specific siRNAs ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The YAP/TAZ targets Ctgf and Cyr61 were co-expressed with Parafibromin in epithelial cells located in the bottom region of colonic crypts ([Figure 2](#fig2){ref-type="fig"}E). The expression of Ctgf and Cyr61 coincided with that of YAP/TAZ reported previously ([@bib31]). To further investigate *in vivo* roles of Parafibromin, we used Parafibromin conditional knockout mice (*Hrpt2*^*flox/flox*^*;CAG-CreER mice*). The colonic mucosa had not undergone severe structural disintegration at 5 days after the onset of *Parafibromin/Hrpt2* deletion by tamoxifen treatment ([Figure 2](#fig2){ref-type="fig"}E). The Parafibromin-deleted colonic epithelium exhibited a marked reduction in the expression of Ctgf and Cyr61 ([Figure 2](#fig2){ref-type="fig"}E), indicating expression of YAP/TAZ targets is dependent on Parafibromin *in vivo*.

Effect of Hippo Signaling on Parafibromin-Mediated TEAD Activation {#sec2.3}
------------------------------------------------------------------

We next investigated the functional interplay between Parafibromin and the Hippo signaling pathway, which negatively regulates nuclear YAP/TAZ activities. To this end, we cultured HEK293T cells at a low cell density, which inactivates Hippo signaling, and at a high cell density, which activates Hippo signaling ([@bib12]). As reported previously, the protein levels of YAP and TAZ were decreased at a high cell density, where activation of the TEAD reporter by Parafibromin was also diminished ([Figure 3](#fig3){ref-type="fig"}A). We then knocked down endogenous YAP and TAZ by specific shRNAs or overexpressed LATS1 or LATS2, which promotes degradation of YAP and TAZ by phosphorylating Ser127 and Ser89, respectively. Expectedly, YAP/TAZ knockdown or overexpression of LATS1/LATS2 attenuated Parafibromin-mediated TEAD reporter activation ([Figures 3](#fig3){ref-type="fig"}B, 3C, and [S3](#mmc1){ref-type="supplementary-material"}A), which was concomitantly associated with reduced levels of *Cyr61* and *Ctgf* mRNAs ([Figure 3](#fig3){ref-type="fig"}D). Parafibromin knockout in conjunction with LATS1/LATS2 overexpression further diminished TEAD reporter activation compared with the effect of LATS1/2 overexpression alone ([Figures 3](#fig3){ref-type="fig"}E and [S3](#mmc1){ref-type="supplementary-material"}B). Thus, Parafibromin-mediated potentiation of YAP/TAZ-TEAD activity was dampened by Hippo signal activation. This observation was consistent with the notion that Hippo signal-mediated inhibition of nuclear YAP/TAZ translocalization impairs co-activator functions of YAP/TAZ, although the possibility that Parafibromin acts in parallel with the Hippo signal in TEAD regulation remains.Figure 3Effect of Hippo Signaling on Parafibromin-Mediated TEAD Activation(A--C) HEK293T cells were transiently transfected with a TEAD luciferase reporter together with a Parafibromin (PF) or control empty vector (Con) at low (L) or high (H) cell density (A), in the presence or absence of a YAP/TAZ-specific shRNA vector (B), or in the presence or absence of Myc epitope-tagged LATS1 (Myc-LATS1) (C). Total cell lysates were subjected to luciferase assay or immunoblotting with indicated antibodies.(D) qRT-PCR analysis of *Cyr61* and *Ctgf* mRNA expression in HEK293T cells transiently transfected with indicated plasmids.(E) HEK293T cells were transiently transfected with a TEAD luciferase reporter together with indicated plasmids. Total cell lysates were subjected to luciferase assay or immunoblotting with indicated antibodies.Error bars, mean ± SD; n = 3; \*\*p \< 0.01 versus control vector (A--E); ^‡^p \< 0.01 versus PF with low cell density (A), PF with control vector (B and C), PF with control shRNA (D), or PF sgRNA with control vector (E).See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Physical Interaction of Parafibromin with YAP/TAZ {#sec2.4}
-------------------------------------------------

To gain insights into the mechanism underlying Parafibromin-mediated YAP/TAZ activation, we hypothesized that Parafibromin forms a physical complex with YAP or TAZ as is the case for other co-activators ([@bib30], [@bib17]). To test this idea, FLAG-tagged Parafibromin was transiently co-expressed with HA-tagged YAP1δ, YAP2δ, or TAZ in HEK293T cells and the cell lysates were subjected to immunoprecipitation with an anti-FLAG antibody. The results of the experiment revealed that the YAP isoforms and TAZ all bound to Parafibromin ([Figure 4](#fig4){ref-type="fig"}A). The complex formation was reproduced in HEK293A cells and AGS cells ectopically co-expressing Parafibromin and YAP or TAZ ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). Furthermore, the co-immunoprecipitation experiment both ways with either an anti-Parafibromin antibody or anti-YAP/TAZ antibody detected the endogenous Parafibromin-YAP complex in HEK293T cells ([Figure 4](#fig4){ref-type="fig"}B). In this regard, we could not specify interaction of endogenous TAZ with endogenous Parafibromin because the molecular weight of TAZ is exactly the same as that of IgG heavy chain. Interestingly, YAP2δ, which possesses two WW domains, exhibited greater binding with Parafibromin than did YAP1δ and TAZ, which possess a single WW domain ([Figure 4](#fig4){ref-type="fig"}A). To test if the WW domain was essential for the interaction, we constructed YAP1δ^Δww^, which lacks the WW domain, and TAZ^ww-mut^, which possesses a non-functional WW domain by double point mutations W152A/P155A ([@bib7]). The WW domain mutations did not alter the subcellular localization of YAP/TAZ (data not shown). The results of a co-immunoprecipitation experiment revealed that neither YAP1δ^Δww^ nor TAZ^ww-mut^ bound to Parafibromin ([Figures 4](#fig4){ref-type="fig"}C and 4D). Furthermore, both YAP1δ^Δww^ and TAZ^ww-mut^ failed to stimulate TEAD reporter ([Figures 4](#fig4){ref-type="fig"}E and 4F) and YAP1δ^Δww^ did not induce endogenous YAP targets, *Cyr61* and *Ctgf* ([Figure S4](#mmc1){ref-type="supplementary-material"}C). To test the involvement of the two WW domains, WW1 and WW2, in binding of YAP2 with Parafibromin, we disrupted WW1, WW2, or both by introducing point mutations in YAP2δ and conducted a co-immunoprecipitation experiment. As a result, WW1 was required for YAP2δ binding with Parafibromin, whereas WW2 was not ([Figure 4](#fig4){ref-type="fig"}G). The results of a TEAD reporter assay also showed that WW1-disrupted YAP2δ lost the ability to stimulate Parafibromin-dependent TEAD activation, whereas the WW2 disruption did not result in loss of the ability ([Figure 4](#fig4){ref-type="fig"}H). Hence, the WW domain, WW1 in YAP2, is critically involved in the interaction of YAP/TAZ with Parafibromin and the co-activator function of YAP/TAZ is activated through the interaction. Notably, however, Parafibromin binding with YAP2δ was diminished by inactivating WW2 ([Figure 4](#fig4){ref-type="fig"}G), suggesting an auxiliary role of WW2 in the interaction of YAP2δ with Parafibromin.Figure 4Physical Interaction between Parafibromin and YAP/TAZ(A) HEK293T cells were transfected with indicated plasmids. Total cell lysates (TCLs) and anti-FLAG immunoprecipitates (IPs) from TCLs were analyzed by immunoblotting with anti-FLAG and anti-HA antibodies.(B) An anti-PF (left) or anti-YAP/TAZ (right) immunoprecipitate from HEK293T cell lysates was analyzed by immunoblotting with anti-PF and anti-YAP/TAZ antibodies. Rabbit IgG was used for a negative control antibody of immunoprecipitation.(C and D) HEK293T cells were transiently transfected with indicated plasmids. TCLs and anti-FLAG IPs from TCLs were analyzed by immunoblotting with anti-FLAG and anti-HA antibodies.(E and F) HEK293T cells were transiently transfected with a TEAD luciferase reporter together with indicated plasmids. TCLs were subjected to luciferase assay and immunoblotting with the indicated antibodies.(G) HEK293T cells were transiently transfected with indicated plasmids. TCLs and anti-FLAG IPs from TCLs were analyzed by immunoblotting with anti-FLAG and anti-HA antibodies.(H) HEK293T cells were transiently transfected with a TEAD luciferase reporter together with indicated plasmids. TCLs were subjected to luciferase assay and immunoblotting with the indicated antibodies.Error bars, mean ± SD; n = 3; \*\*p \< 0.01 versus YAP2δ with PF (E), control vector (F and H), PF with control vector (F), YAP2δ with control vector (H), or YAP2δ^mWW2^ with control vector (H); ^‡^p \< 0.01 versus TAZ with control vector (F), TAZ with PF (F), or PF with YAP2δ (H).See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Differential Regulation of TAZ and YAP by Parafibromin {#sec2.5}
------------------------------------------------------

We next investigated the region(s) of Parafibromin required for YAP/TAZ binding. Co-immunoprecipitation analysis showed that the N-terminal half (residues 1--357) of Parafibromin is indispensable for YAP/TAZ binding, whereas the CDC73 core region, which consists of the C-terminal half (residues 358--531), is dispensable ([Figures 5](#fig5){ref-type="fig"}A and [S5](#mmc1){ref-type="supplementary-material"}A). We previously reported that dephosphorylation of a cluster of the three tyrosine residues, Tyr290, Tyr293, and Tyr315, allows Parafibromin to interact with β-catenin and Gli1 ([@bib30], [@bib17]). We thus investigated the influence of the tyrosine phosphorylation status of Parafibromin on the Parafibromin-TAZ/YAP interaction. The results of a co-immunoprecipitation experiment revealed that the phosphorylation-resistant (PR) Parafibromin mutant (Parafibromin-Y290/293/315F) bound to TAZ substantially more strongly than did wild-type Parafibromin ([Figure 5](#fig5){ref-type="fig"}B). We next co-expressed Parafibromin, either wild type or PR, and TAZ in HEK293T cells and examined TEAD reporter activation. As a result, PR-Parafibromin markedly potentiated TAZ-mediated TEAD-reporter activation when compared with wild-type Parafibromin ([Figure 5](#fig5){ref-type="fig"}C). To determine the biological relevance of Parafibromin dephosphorylation in TAZ activity, we next performed a wound healing assay. The results showed that PR-Parafibromin stimulated TAZ^S89A^-mediated gap closure more strongly than did wild-type Parafibromin ([Figure 5](#fig5){ref-type="fig"}D). In striking contrast to TAZ, interaction of Parafibromin with YAP1δ or YAP2δ was independent of the tyrosine phosphorylation status of Parafibromin ([Figure 5](#fig5){ref-type="fig"}E). Furthermore, wild-type Parafibromin enhanced YAP-dependent TEAD activation, whereas PR-Parafibromin failed to do so ([Figure 5](#fig5){ref-type="fig"}F).Figure 5Differential Modes of Parafibromin Binding between YAP and TAZ(A) HEK293T cells were co-transfected with indicated plasmids. Anti-FLAG IP from cell lysates and TCL were analyzed by immunoblotting with anti-FLAG and anti-HA antibodies (left). A schematic of Parafibromin and its deletion mutants (right). The three tyrosine dephosphorylation sites (Y290/293/315) are indicated.(B) HEK293T cells were transfected with an FLAG-PF or FLAG-phosphoresistant (PR)-PF vector together an HA-TAZ vector. Anti-FLAG IP from cell lysates and TCL were subjected to immunoblotting with anti-FLAG and anti-HA antibodies.(C) HEK293T cells were transfected with a TEAD luciferase reporter together with indicated plasmids. Total cell lysates were subjected to luciferase assay and immunoblotting analysis with indicated antibodies.(D) Wound healing assay of AGS cells co-transfected with a TAZ^S89A^ vector and a PF or PR-PF vector. Scale bars represent 100 μm.(E) HEK293T cells were transfected with indicated plasmids. TCLs and anti-FLAG immunoprecipitates from TCLs were subjected to immunoblotting with indicated antibodies.(F) HEK293T cells were transfected with a TEAD luciferase reporter together with indicated plasmids. Total cell lysates were subjected to luciferase assay and immunoblotting with indicated antibodies.Error bars, mean ± SD; n = 3; \*\*p \< 0.01 versus control vector with TAZ (C), PF with TAZ^S89A^ (D), control vector with YAP2δ (F), or control vector with YAP1δ (F); ^‡^p \< 0.01 versus PF with TAZ (C), PF with YAP2δ (F), or PF with YAP1δ (F).See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

We previously reported that protein tyrosine kinase 6 (PTK6, also known as BRK) and SHP2 are a kinase and a phosphatase that mediate tyrosine phosphorylation and dephosphorylation of Parafibromin, respectively ([@bib30], [@bib17]), although the possibility exists that there are additional kinases/phosphatases involved in this process. To consolidate the importance of the tyrosine phosphorylation status of Parafibromin in TAZ binding, we transiently co-expressed Parafibromin and PTK6 in HEK293T cells and found that PTK6 markedly diminished Parafibromin-TAZ complex formation, which was concomitantly associated with reduced activation of the TEAD reporter ([Figure 6](#fig6){ref-type="fig"}A), whereas elevated PTK6 potentiated YAP-mediated TEAD activation ([Figure 6](#fig6){ref-type="fig"}B). Conversely, ectopic co-expression of SHP2 increased the amount of the Parafibromin-TAZ complex, which was associated with enhanced TEAD reporter activation ([Figures 6](#fig6){ref-type="fig"}C and [S6](#mmc1){ref-type="supplementary-material"}A). Although Parafibromin does not contain the PPxY sequence (where x is any amino acid), a canonical WW-binding sequence motif, it possesses a PPxY-related PxxY sequence at residues 287--290 (PAAY). Since Tyr290 is a major site of Parafibromin tyrosine phosphorylation ([@bib30]), we mutated the PAAY sequence to AAAY (P287A) and performed a co-immunoprecipitation experiment and TEAD-luciferase assay using the Parafibromin mutant. Results of the experiment revealed that the PAAY sequence is crucial for Parafibromin-TAZ interaction and Parafibromin-mediated TEAD reporter activation, although the sequence was dispensable for the interaction of Parafibromin with YAP ([Figures 6](#fig6){ref-type="fig"}D and 6E). Since phosphorylation of Parafibromin on Tyr290 appeared to disable binding with the WW domain of TAZ, we also performed a co-immunoprecipitation experiment using AGS cells transiently co-transfected with a vector for wild-type, PR, Y290F, Y293F, or Y315F Parafibromin mutant and a YAP or TAZ vector. The results of the experiment revealed that, like PR-Parafibromin, Y290F but not Y293F or Y315F Parafibromin exhibited elevated TAZ binding, whereas these mutations did not influence the Parafibromin-YAP interaction. These results further support an important role of Tyr290 dephosphorylation in the interaction of Parafibromin with TAZ ([Figure 6](#fig6){ref-type="fig"}F).Figure 6Inverse Regulation of YAP and TAZ Functions by Tyrosine Phosphorylation/Dephosphorylation of Parafibromin(A) HEK293T cells were transfected with indicated plasmids. TCLs were subjected to a sequential immunoprecipitation-immunoblotting analysis with indicated antibodies (left) and luciferase assay (right).(B) HEK293T cells were transiently transfected with a TEAD luciferase reporter together with indicated plasmids. The cell lysates were subjected to luciferase assay.(C) HEK293T cells were transfected with indicated plasmids. Anti-FLAG IP from cell lysates and TCL were subjected to immunoblotting with indicated antibodies.(D) HEK293T cells were transiently transfected with a TEAD luciferase reporter together with indicated plasmids. The cell lysates were subjected to luciferase assay.(E and F) HEK293T cells were transfected with indicated plasmids. TCLs and anti-FLAG immunoprecipitates from TCLs were subjected to immunoblotting with indicated antibodies.Error bars, mean ± SD; n = 3; \*\*p \< 0.01 versus control vector (A and B), control vector with YAP2δ (D), or control vector with TAZ (D); ^‡^p \< 0.01 versus PF with TAZ (A and D), or PF with YAP2δ (B).See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

TAZ Potentiates Nuclear Wnt Activation by Parafibromin {#sec2.6}
------------------------------------------------------

We next investigated whether Parafibromin coordinates YAP/TAZ with the morphogen signal. We conducted a Wnt reporter assay and found that TAZ strengthens Parafibromin-dependent Wnt activation ([Figure 7](#fig7){ref-type="fig"}A, compare lanes 7, 8, 10, and 12). On the other hand, YAP (YAP2δ) had little effect on Wnt activation by Parafibromin ([Figure S7](#mmc1){ref-type="supplementary-material"}A, compare lanes 6, 8, 10, and 12). This was most probably because YAP fails to interact with the dephosphorylated Parafibromin/β-catenin complex, which directs Wnt activation. This idea was supported by the results of an experiment showing that ectopic SHP2, which tyrosine-dephosphorylates Parafibromin, dramatically elevated TAZ-dependent Wnt reporter activation but had little effect on YAP2δ-dependent Wnt reporter activation ([Figure S7](#mmc1){ref-type="supplementary-material"}B). Conversely, elevated PTK6, which tyrosine-phosphorylates Parafibromin ([@bib17]), significantly promoted YAP2δ-induced Wnt reporter activation but had little effect on TAZ-induced Wnt reporter activation ([Figure S7](#mmc1){ref-type="supplementary-material"}B). High-cell-density culture, which prevents nuclear accumulation of TAZ ([Figure S7](#mmc1){ref-type="supplementary-material"}C) by stimulating the Hippo signal, gave rise to reduced Wnt reporter activity and decreased expression of Wnt targets such as Cyclin D1 and c-Myc ([Figures 7](#fig7){ref-type="fig"}B and 7C). β-Catenin has been shown to bind to the residues 218--263 of Parafibromin ([@bib21]). Since YAP and TAZ also bind to the N-terminal region of Parafibromin, this led us to hypothesize that TAZ and β-catenin cooperatively interact with dephosphorylated Parafibromin. To test this idea, we performed a co-precipitation experiment using HEK293T cells treated with shTAZ in the presence or absence of stable β-catenin (the β-catenin^S33Y^ mutant) and found that knockdown of TAZ expression substantially reduced the amount of the Parafibromin/β-catenin complex ([Figure 7](#fig7){ref-type="fig"}D). In addition, treatment of HEK293T cells with a Wnt3a-conditioned medium potentiated TEAD reporter activity when compared with control medium treatment ([Figures 7](#fig7){ref-type="fig"}E and [S7](#mmc1){ref-type="supplementary-material"}D). Also, treatment of cells with LiCl, which inhibits GSK-3β and thus activates Wnt signaling, enhanced TEAD reporter activation ([Figures S7](#mmc1){ref-type="supplementary-material"}E and S7F). Since it has been reported that GSK3β destabilizes TAZ ([@bib2]), LiCl might increase the level of TAZ and thereby potentiate the TEAD reporter. However, LiCl-treated cells did not show any substantial alterations in the levels of ectopically expressed TAZ protein. Since both endogenous and exogenous proteins should undergo identical post-translational modifications in the cells, stimulation of the TEAD reporter by LiCl was unlikely to be due to the stabilization of TAZ. Conversely, knockdown of β-catenin in AGS cells diminished TEAD reporter activation ([Figure 7](#fig7){ref-type="fig"}F). Parafibromin^**Δ**218−263^, a Parafibromin mutant lacking the β-catenin-binding region (residues 218--263), neither potentiated TEAD reporter activation nor induced *Ctgf* and *Cyr61* mRNAs ([Figure 7](#fig7){ref-type="fig"}G). These observations collectively support the idea that the Parafibromin-β-catenin interaction promotes Parafibromin-TAZ complex formation, which in turn strengthens TAZ-mediated TEAD activation. Notably, Parafibromin^**Δ**218−263^ did not interact with TAZ. The result indicated that, in addition to the tyrosine-dephosphorylated PAAY sequence, the β-catenin-binding region (residues 218--263) is also required for the binding of Parafibromin with TAZ ([Figure 7](#fig7){ref-type="fig"}H). Since TAZ has been reported to directly bind to β-catenin via its TEAD-binding region ([@bib16]), we also wished to know whether TAZ and β-catenin directly interact with Parafibromin or whether the TAZ/β-catenin complex binds to Parafibromin via β-catenin as a bridging molecule. To this end, we constructed a TAZ mutant lacking the TEAD-binding region and performed a co-immunoprecipitation experiment in HEK293T cells in which *Parafibromin/Hrpt2* alleles had been acutely knocked out by the CRISPR/Cas9 system. As a result, β-catenin was co-precipitated with the mutant TAZ that cannot directly bind to β-catenin only when Parafibromin expression was rescued by cDNA expression ([Figure 7](#fig7){ref-type="fig"}I, left). Reciprocally, the mutant TAZ was co-precipitated with β-catenin only when Parafibromin expression was rescued ([Figure 7](#fig7){ref-type="fig"}I, right). Thus, TAZ and β-catenin bind to Parafibromin contiguously and cooperatively to form a stable heterotrimeric complex that mediates synergistic activation of Wnt- and TAZ-dependent genes.Figure 7Synergism between Nuclear TAZ and the Wnt Signaling Pathway by Parafibromin(A) HEK293T cells were transfected with a TOP-*tk* luciferase reporter together with indicated plasmids. TCLs were subjected to luciferase assay and immunoblotting analysis with indicated antibodies.(B) HEK293T cells or AGS cells were cultured in a low-density (L) or a high-density (H) condition, and TOP-*tk* luciferase reporter activity was measured.(C) Total cell lysates from (B) were subjected to immunoblotting.(D) HEK293T cells were transfected with indicated plasmids. TCLs and the anti-FLAG immunoprecipitates were subjected to immunoblotting with the indicated antibodies.(E) HEK293T cells were transfected with a TOP-*tk* luciferase reporter together with indicated plasmids. Cells were then treated with Wnt3a-conditioned medium or control medium. TCLs were subjected to luciferase assay and immunoblotting with the indicated antibodies.(F) AGS cells were transfected with a TOP-*tk* luciferase reporter together with indicated plasmids. TCLs were subjected to luciferase assay and immunoblotting with the indicated antibodies.(G) AGS cells were transfected with indicated vectors. Luciferase assay (left) and qRT-PCR (right) experiments were performed.(H) AGS cells were transfected with indicated plasmids. Anti-FLAG immunoprecipitates from TCLs were subjected to immunoblotting with the indicated antibodies.(I) An HA-β-catenin^S33Y^ vector was transfected together with a Myc-TAZ or Myc-TAZ^ΔTEAD^ vector into HEK293T cells, in which expression of endogenous Parafibromin was acutely inhibited by using CRISPR/CAS9-mediated gene knockout technique. Anti-HA (left) or anti-Myc (right) immunoprecipitates were prepared from TCLs and subjected to immunoblotting with the indicated antibodies. β-cat^S33Y^; β-catenin^S33Y^.Error bars, mean ± SD; n = 3; \*p \< 0.05 versus control vector (A and E); \*\*p \< 0.01 versus control vector (A, E--G), low cell density (B), or control vector with TAZ (G); ^‡^p \< 0.01 versus PF with control vector (G, left), PF (G, right), or PF with TAZ (G).See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

We show in this work that the nuclear scaffold protein Parafibromin potentiates the co-activator functions of YAP and TAZ toward the TEAD transcription factors by forming a physical complex with YAP/TAZ via the WW domain. Previous studies have shown that the WW domain and the TEAD-binding domains are both required for growth stimulation and oncogenic transformation activities of YAP/TAZ ([@bib43], [@bib40], [@bib41]), suggesting the presence of a WW-domain-binding protein that functionally collaborates with the YAP/TAZ-TEAD complex. Parafibromin fits nicely to the molecule assumed in these studies.

YAP and TAZ both possess the WW domain, a structural module involved in protein-protein interaction ([@bib29], [@bib26]). YAP comprises two major isoforms, YAP1 and YAP2, differing in the number of WW domains owing to differential splicing. YAP1 possesses a single WW domain, WW1, which is highly homologous to the TAZ WW domain (∼80% identity). YAP2 contains a second WW domain, WW2, in addition to WW1. WW2 shares only ∼40% sequence identity with WW1. We found here that both YAP and TAZ bind to Parafibromin via the WW domain. As for YAP2, WW1 is necessary and sufficient for Parafibromin binding, although the presence of WW2 strengthens the interaction. Possibly, WW2 weakly interacts with Parafibromin via a region distinct from that recognized by WW1 and thereby reinforces the Parafibomin-WW1 interaction through avidity effects. The present study also revealed that the modes of Parafibromin binding are substantially different between TAZ and YAP. Parafibromin undergoes phosphorylation and dephosphorylation on Tyr290, Tyr293, and Tyr315 by kinases such as PTK6 and phosphatases such as SHP2, respectively ([@bib17]). YAP binds to both tyrosine-phosphorylated and tyrosine-dephosphorylated forms of Parafibromin, whereas TAZ specifically binds to dephosphorylated Parafibromin. Since the β-catenin-binding region of Parafibromin (residues 218--263) is commonly utilized for the interaction of Parafibromin with YAP and TAZ, there appears to be an additional site in Parafibromin that confers tyrosine-dephosphorylation-dependent binding to the WW domain of TAZ. Typically, the WW domain recognizes the non-phosphorylated PPxY motif and tyrosine phosphorylation in the PPxY motif often abolishes the WW domain binding. Although Parafibromin lacks the canonical PPxY motif, it possesses a PPxY-related PxxY (PAAY) sequence that contains Tyr290, one of three tyrosine phosphorylation sites, which plays the most important role in the Parafibromin/β-catenin interaction ([@bib30]). It has been reported that the PxxY sequence can also interact with the WW domain ([@bib18]), and indeed we found that stable binding with TAZ requires dephosphorylated PAAY in addition to the β-catenin-binding region of Parafibromin. Through the interaction, dephosphorylated Parafibromin stimulates the co-activator function of TAZ. On the other hand, Parafibromin interacts with YAP independently of tyrosine phosphorylation and, to our surprise, it is the tyrosine-phosphorylated form, but not the dephosphorylated form, of Parafibromin that stimulates the co-activator function of YAP upon binding. Accordingly, TAZ and YAP reciprocally activate TEAD-regulated genes depending on the tyrosine phosphorylation status of Parafibromin.

The present study adds YAP and TAZ to the list of transcriptional co-activators that are regulated by Parafibromin. We previously showed that tyrosine-dephosphorylated Parafibromin stimulates the Wnt effector/co-activator β-catenin and the Hedgehog effector/co-activator Gli1 in a mutually exclusive manner, whereas it synergistically stimulates β-catenin and the Notch effector NICD ([@bib17]). The present study extends the function of Parafibromin as a signal integrator and modulator by demonstrating that Parafibromin synergistically stimulates the co-activator functions of β-catenin and TAZ. The structural basis underpinning this functional cooperation is the formation of a heterotrimeric complex of β-catenin, TAZ, and tyrosine-dephosphorylated Parafibromin. Functional cross talk between YAP/TAZ and Wnt signaling has been described at multiple distinct levels ([@bib33], [@bib16]). Although those studies indicate an inhibitory role of Wnt signaling on YAP/TAZ in the cytoplasm, the conclusion is not inconsistent with the results of our present work showing positive cooperativity between Wnt signaling and TAZ in the nucleus. Rather, these observations collectively raise the interesting possibility that Wnt antagonizes YAP/TAZ when the Hippo signal is on, whereas Wnt collaborates with TAZ when the Hippo signal is off. Such a mechanism should intensify the contrast with regard to the induction of Wnt- and TEAD-target genes upon on-off switching of the Hippo signal.

Although YAP and TAZ are not essential for homeostatic regulation of the intestinal epithelia ([@bib14], [@bib19]), elevated YAP provokes abnormal expansion of undifferentiated intestinal progenitor cells, indicating a growth promoting role of YAP ([@bib4]). Consistently, TAZ/YAP are critically involved in epithelial regeneration of damaged intestinal mucosa as well as deregulated proliferation of intestinal epithelial cells induced by *Apc* null mutation ([@bib3]). Controversially, however, YAP can also inhibit intestinal regeneration following injury and counteracts Wnt-mediated intestinal hyperplasia ([@bib1]). These observations suggest the presence of context-dependent regulation of YAP and/or TAZ activity that could even give rise to opposite biological outcomes. In this regard, the present study revealed that the co-activator functions of YAP and TAZ are inversely regulated by the tyrosine phosphorylation status of Parafibromin, which may differ among different cell types and also oscillate in response to altered extracellular environments such as cell density or the presence or absence of morphogens/mitogens/cytokines. It is therefore possible that intestinal mucosal damage induced by diverse stresses differentially activates kinases and phosphatases for Parafibromin, relative strengths of which determine the tyrosine phosphorylation status of Parafibromin. Prevalent accumulation of dephosphorylated Parafibromin may stimulate expansion of stem/progenitor cells and promote their subsequent differentiation through synergistic stimulation of TAZ and β-catenin by Parafibromin. On the other hand, predominance of tyrosine-phosphorylated Parafibromin may selectively stimulate YAP activity without co-stimulation of β-catenin, thereby impairing intestinal regeneration.

The present work uncovered that Parafibromin inversely stimulates the co-activator functions of YAP and TAZ depending on its tyrosine phosphorylation status, which is determined by the relative strength of Parafibromin kinase and phosphatase activities. Parafibromin also serves as a component of the PAF complex, which coordinates transcription with events downstream of RNA synthesis ([@bib6]). However, Parafibromin-mediated stimulation of the co-activator function of β-catenin does not require PAF complex formation ([@bib30]). Also notably, the region of Parafibromin mediating interaction with β-catenin, Gli1, and YAP/TAZ is not conserved in Cdc73, the yeast ortholog of Parafibromin that comprises the PAF complex. It is therefore likely that functional interplay between Parafibromin and transcriptional co-activators is independent of PAF complex formation, although the conclusion requires further investigation.

Methods {#sec4}
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All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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